Purpose: The aim of the study was to investigate the effect of sertraline on the rat heart during ischemia and reperfusion and to determine its effect on NO production. Materials and methods: The study was performed on isolated rat hearts. Hearts from three groups were perfused with sertraline at three different concentrations and subjected to global ischemia and reperfusion. Hearts from the other three groups were perfused with the same concentrations of sertraline but without the ischemia/reperfusion process. Two control groups were perfused with the Krebs-Henseleit solution only with and without ischemia/reperfusion process. Coronary flow (CF), heart rate (HR), left ventricular developed pressure (LVDP) and maximum rate of rise of left ventricular pressure (dP/dt max) were measured. Perfusate effluent was collected to determine creatine phosphokinase (CPK) and nitrate plus nitrite (NOx) levels. Results: In non-ischemic groups, sertraline at the concentration of 10 μmol/L exerts a strong vasodilatory effect on CF, and after a short positive inotropic effect, it exerts a strong inotropic and chronotropic negative effect on isolated rat hearts and causes a direct damage to cardiomyocytes. At the concentration of 1 μmol/L, sertraline exerts an increasing negative inotropic effect. There were no hemodynamic differences between any of groups of hearts subjected to reperfusion. Sertraline had no effect on the nitric oxide concentration in coronary effluent neither in rat hearts subjected to ischemia/reperfusion nor in nonischemic conditions. Conclusion: Sertraline at dose 10 μmol/L exerts a strong vasodilatory effect on coronary flow, and after a short positive inotropic effect, it exerts a strong negative effect on isolated rat hearts, causing a direct damage to cardiomyocytes. Sertraline had no effect on the nitric oxide concentration in coronary effluent.
Introduction
The class of drugs most commonly used for the treatment of people suffering from concurrent depression and ischemic heart disease are selective serotonin reuptake inhibitors (SSRIs). 1, 2 Those drugs are considered to be safer for the heart compared to tricyclic antidepressive drugs, and the results of some retrospective studies suggest that they may even exert a cardioprotective effect. 3, 4 On the other hand, there are also reports of possible side effects of SSRIs. Therefore, they may have some adverse effects on the heart. [5] [6] [7] The exact mechanism of how these drugs may act on the heart remains unknown. Serotonin (5-hydroxytryptamine; 5-HT) is a neurohormonal substance demonstrating a direct impact on some cardiovascular functions. The antiplatelet effect of SSRIs is suggested, 4, 8 along with other mechanisms, including the effect of SSRIs on the immune system 9 or on the autonomic nervous system. 10, 11 A direct effect of this class of drugs on coronary blood vessels is also considered. 12 Nitric oxide (NO) is a strong vasodilator, able to restore a normal perfusion of ischemic tissues. NO plays protective roles in the ischemic heart via several mechanisms. Several ex vivo studies demonstrated that increasing NO levels, either by applying NO donors, NO-dependent vasodilators, L-arginine supplementation, angiotensin-converting enzyme inhibitors, or others, functionally protects the heart from acute ischemia/reperfusion injury and/or infarct size development. 13 But the role of NO in reperfusion is a more complex one. Generation of free oxygen radicals is increased during reperfusion, depending on duration and severity of the preceding ischemia; thus, with more severe and prolonged ischemia, free radical generation during the subsequent reperfusion is enhanced, 14 leading to the increased formation of peroxynitrite (ONOO − ). It is now understood that many of toxic actions of NO are not directly due to NO itself, but are mediated via production of ONOO − , the reaction product of NO with O2 − . Formation of ONOO − has been shown to contribute to several cardiovascular pathologies including the ischemia/reperfusion injury. High concentrations of peroxynitrite are thought to oxidize thiols or thioethers, to nitrate tyrosine residues, to nitrate and oxidize guanosine, to degrade carbohydrates, to initiate lipid peroxidation, and to cleave DNA. 15 Data on the effect of SSRIs on nitric oxide metabolism in humans are contradictory. In the first study on that problem, Finkel et al suggested that paroxetine is an inhibitor of endothelial nitric oxide synthase (eNOS). The authors demonstrated that in patients with ischemic heart disease treated for depression, paroxetine caused a gradual decrease in the plasma concentration of nitric oxide metabolites (NO x ). 16 However, clinical trials conducted later demonstrated some completely different results. Lara et al found that following the 8-week paroxetine treatment of healthy volunteers, their plasma concentration of NO x increased by about 40% and returned to baseline after discontinuation of the treatment. 17 Chrapko et al 18 examined depressed patients and noticed some reduced plasma levels of NO x and a reduced activity of platelet NOS, compared to healthy volunteers. Eight weeks after the initiation of paroxetine treatment in patients with depression, the authors noticed an increase of NO x concentration to approximately 300% of the baseline value, and just to 40% in the control group. In the experiment conducted by Ikenouchi-Sugita et al, who compared effects of milnacipran (a selective serotonin and norepinephrine reuptake inhibitor) and paroxetine on the plasma NO x concentration in patients with depression, the authors demonstrated that paroxetine did not lead to any changes, and milnacipran caused a significant increase of the plasma NO x level. 19 Thus, data from clinical studies are contradictory and do not allow a clear identification of whether and how could SSRIs affect the metabolism of nitric oxide.
Since data regarding the effect of SSRIs on the metabolism of nitric oxide do not allow a clear identification of whether and how do those drugs possibly affect the metabolism of NO, we tried to identify the effect of sertraline on isolated rat heart and nitric oxide production in nonischemic and ischemic/reperfusion hearts.
Materials and Methods
The experiment was performed in accordance with NIH Guide for the Care and Use of Laboratory Animals and was approved by the 1st Local Ethics Committee on the Perfusion was performed according to the Langendorff method 20 using the S Series Isolated Working Heart Apparatus (ADInstruments GmbH, Germany). Every element of the apparatus was water coated with distilled running water warmed to maintain a temperature of the perfusate in all its parts during the entire study at 37ºC. All hemodynamic data were continuously collected (sample frequency 1kHz), processed and simultaneously shown on a computer monitor using LabChart ® Pro v.6.1.3 software (AdInstruments GmbH, Germany).
Each heart was contained in a small water-coated chamber to maintain the physiological temperature. Perfusion was performed under constant pressure achieved by pumping the Krebs-Henseleit solution to the level of 95 cm above the heart (70 mmHg) pressure. Coronary flow (CF) was measured with a Doppler ultrasonic gauge placed just before the cardiac cannula. A fluid-filled latex balloon was inserted into the left ventricle. It was inflated to achieve the pressure of 10 mmHg during diastole of the heart and connected to a pressure transducer to measure the heart rate (HR), the left ventricular-developed pressure (LVDP), and the maximum rate of rise of left ventricular pressure (dPdt max). Measurements were started within 15 mins of the heart stabilization period and were referred to as baseline value (time 0start of the experiment). Hemodynamic data are shown in graphs in 5-min intervals.
Rats were divided randomly into eight groups (n=7). All hearts were subjected to 1-hr perfusion by one of two designed protocols:
(I) Four non-ischemic groups of hearts were subjected to 60 min long non-ischemic perfusionthe control group perfused with the Krebs-Henseleit solution, and three other groups with sertraline (Sigma-Aldrich, St. Louis, Missouri, USA) added to the perfusate between the 10th and the 50th minute after start of the experiment, at three concentrations: 0.1µmol/L, 1µmol/l, and 10µmol/L, respectively. (II) Four ischemic/reperfusion groups of heartsthe control group was perfused with the Krebs-Henseleit solution, and three other groups with sertraline added to the perfusate at three concentrations: 0.1µmol/L, 1µmol/L, 10µmol/L, respectively, between the 10th and the 50th minute after the start of the experiment. Those groups were also subjected to twenty-minute ischemia, between the 20th and the 40th minute of the experiment. Ischemia was achieved by stopping the flow of fluid and lasted for 20 mins. Reperfusion was achieved by the restoration of the flow of the perfusate.
Hemodynamic Data
Values of each hemodynamic parameter were presented as a percentage change relative to the baseline value at the start of the experiment (100%) in order to facilitate the presentation of changes of those parameters. Baseline absolute values at experiment start ± SEM are shown in Table 1 .
Biochemical Parameters
The total nitric oxide (NO) outflow in the effluent was collected in the 5th minute after the start of the experiment (baseline value); in the 15th minute of the experiment (after the start of the treatment) and in the 40th minute of the experiment (after reperfusion). NO formation was examined by the measurement of NO x (stable NO metabolitesnitrite and nitrate). The method used was a colorimetric determination using the commercial Total NO/Nitrite/Nitrate Assay (R&D Systems, UK). That assay determines nitric oxide concentrations based on the enzymatic conversion of nitrate to nitrite by nitrate reductase. The reaction is followed by a colorimetric detection of nitrite as an azo dye product of the Griess Reaction. The Griess reaction is based on a two-step diazotization reaction in which acidified NO 2 -produces a nitrosating agent, that reacts with sulfanilic acid to produce the diazonium ion. The ion is then coupled with N-(1-naphthyl) ethylenediamine to form the chromophoric azo-derivative, absorbing light at 540-570 nm. Creatine phosphokinase (CPK) is an enzyme expressed by various tissues and cell types. It is assayed in blood tests as a marker of damage of CPK-rich tissue such as in myocardial infarction. CPK was repeatedly measured every 10 mins, from the 10th minute of experiment, using the Enzyline Kit CK NAC (Biomorieux, FranceIn the creatine kinase assay protocol, creatine kinase (CK) converts creatine into phosphocreatine and ADP. The phosphocreatine and ADP then react with the CK enzyme mix to form an intermediate, which reduces a colorless probe to a colored product with strong absorbance at λ= 450 nm.
Statistical Analysis
All values presented in graphs and tables are expressed as mean ± SEM Significant differences between groups were calculated using two-way analysis of variance (ANOVA) followed by the Dunnett's post hoc test. Differences between groups were considered significant if the p value was <0.05. All calculations were performed using GraphPad ® Prism v. 5.04 software.
Results

Nonischemic Perfusion Hemodynamic Data
All hemodynamic data in both non-ischemic and ischemic/ reperfusion groups were acquired every 5 mins ( Figure 1 ).
The most pronounced changes of hemodynamic parameters in non-ischemic hearts were observed in the group treated with sertraline at the concentration of 10 μmol/L (Figure 1 I.A) . Five minutes after the drug administration CF increased to about 150% of the baseline value and declined quickly to the baseline value after discontinuation of sertraline. That confirms the strong coronary vasodilatory effect of sertraline at the concentration of 10 μmol/L.
Shortly after administration, 10 μmol/L sertraline caused also an increase of the left ventricle developed pressure (LDVP) to about 150% of the baseline value and rise of the left ventricular pressure (dP/dt max) (Figure 1 . I.D) to approximately 144% of the baseline value at the maximum rate. However, that positive inotropic effect was short and lasted merely 5 mins after the start of the drug administration. Several minutes later, both parameters began to decrease rapidly, 30 mins after the start of the drug administration reaching statistically significant lower values in comparison to the control group. In the group of hearts receiving 1 μmol/L sertraline the positive inotropic effect did not occur, but a slight decline of LDVP and dP/dt max was observed, reaching statistically significant lower values in comparison to the control group in five to ten minutes before the end of the perfusion.
After 20 mins of 10 μmol/L sertraline administration, the average heart rate (HR) (Figure 1. I.B ) declined gradually, and after 35 mins from the start of the experiment the mean HR of hearts in that group was reaching significantly lower values in comparison to the baseline (40%); in the next 10 min those values were close to 0% in comparison to baseline values.
Biochemical Analysis
In contrast to other groups, CPK activity in the 10 μmol/L sertraline group without ischemia/reperfusion increased slowly and at the time point of 30 mins it was significantly higher (p ≤ 0.05) compared to the control group. That indicates a direct damaging effect of 10 μmol/L sertraline on heart cells (Figure 2A ).
There was no difference between any of the nonischemic group regarding the NO outflow, which means sertraline at any given concentration does not affect NO production in isolated perfused rat heart at any time point measured ( Table 2) .
Ischemia/Reperfusion
Hemodynamic Data
Before ischemia, hemodynamic parameters after administration of 10 μmol/L sertraline were very similar to the non-ischemic groupa statistically significant rise in CF, LVDP and dPdt was observed in the 5th minute after the drug administration (Figure 1 I.A, I 
.B, I.D)
After reperfusion, outcomes observed in each of the ischemic groups were different. In the 40th minute, the 10 μmol/L group showed significantly higher values of CF, LVDP and dP/dt max in comparison to the control group. However, those parameters decreased quickly and at the end of the experiment, they reached significantly lower values in comparison to the control group. In the group of 1 μmol/L sertraline, significantly lower values were observed only for the dP/dt max value in the time point of 10 mins before the end of the experiment, in comparison to the control group.
Biochemical Analysis
During ischemia, NO from both enzymatic and non-enzymatic sources is accumulated in tissues. 21 Therefore, our data DovePress demonstrated a great increase of NO x production after the reperfusion in comparison to baseline values (10th minute) and values measured after the start of the treatment (20th minute). However, a comparison between groups with ischemia/reperfusion at the reperfusion time point (40th minute) did not demonstrate any difference in comparison to the control group (Table 2) . A similar situation was observed for CPK. There were no differences between ischemia/reperfusion groups in terms of CPK, both before ischemia and after reperfusion, in comparison to the control group. An initial increase of CPK after the reperfusion in all groups was a result of damage of muscle cells during ischemia. A comparison between groups with ischemia/reperfusion after the time of reperfusion did not show any differences between groups ( Figure 2B ).
Discussion
In their study, Gaur et al demonstrated the neuroprotective effect of sertraline on ischemic rat brain cells and suggested that it was associated with the influence of the substance on the metabolism of nitric oxide. In their study, sertraline reduced the oxidative stress caused by increased concentrations of potentially neurotoxic nitric oxide metabolites. Moreover, administration of L-arginine, being a substrate for nitric oxide synthase, abolished the protective effect of sertraline, and administration of L-NAME (a nitric oxide synthase inhibitor) increased its protective effect on ischemic brain cells. However, the detailed mechanism of that association remains unknown. 22 It is possible that there is an indirect relationship between drugs selectively inhibiting the reuptake of serotonin and nitric oxide synthesis in brain cells, but there is no experimental study demonstrating the existence of a similar relationship relative to the blood vessels or heart muscle. Data regarding the effect of SSRIs on the metabolism of nitric oxide in humans are contradictory and do not allow clear identification of whether and how do SSRIs possibly affect NO metabolism. The results of our study demonstrate that sertraline does not significantly affect the metabolism of nitric oxide in the isolated rat heart. That means that the strong vasodilative effect of the highest applied dose of sertraline is not related with NO.
The effect of SSRIs on blood vessels has been studied in numerous animal models. Majority of these experiments indicated that their vasodilative effect. [23] [24] [25] The mechanism of that effect of SSRIs is probably not related to serotonin reuptake inhibition, but results from their another propertythe blocking effect on the voltagedependent L-type calcium channels (inhibition of intracellular calcium current) or the effect on another signal path related to calcium ions, leading to relaxation of vascular smooth muscles and to vasodilation. 26 Those additional effects of SSRIs may indicate a potentially beneficial mechanism in ischemic heart disease. The fact that the vasodilative action of those drugs has also been observed in vessels without endothelial cells and in series of experiments that showed a direct relaxant effect of SSRIs on smooth muscle cells of other organs in rats speaks in favor of that hypothesis. 27, 28 However, the strong vasodilative effect of the highest applied doses of sertraline observed in our experiment occurs for concentrations ranging between 10 and 100-times over the therapeutic level of the drug in patients' plasma. 29 At the concentration of 10 μmol/L, the coronary flow increased to 150% of the baseline value, but at the same concentration, sertraline caused a very strong damage to myocardial cells, resulting in a significant reduction of heart's contractility. A negative effect of serotonin reuptake inhibitors on the cardiac contraction of isolated heart has been demonstrated in some studies. [30] [31] [32] [33] Authors of papers describing the negative inotropic effect of SSRIs on parameters of the isolated myocardium suggested that it is mainly related to blocking channels of L-type calcium by those drugs. This is partially contradictory with the results of our research that demonstrated a short positive inotropic effect of 10 µmol/L sertraline on the myocardium. A transient increase of myocardial contraction observed in our study could be associated with the socalled Gregg phenomenon. 34 It states that the increase in coronary perfusion leads to an increase in contractile force and the consumption of oxygen by the myocardium. 35 In our experiment, the increase of systolic myocardial function was observed exactly at the same time as a very large increase in CF. The mechanism responsible for the Gregg's effect is not fully understood, but probably it is related to the so-called, circumferential stress (hoop stress) exerted by extended coronary arteries on the muscle cell membrane, that could lead to opening of ion stretch activated channels (SAC) and consequently to an increase in the force of contraction of cardiac muscle cells. 36 That phenomenon, however, does not fully explain the transient positive inotropic action of sertraline observed in our study. Dijkman et al demonstrated that the increase in contractile force in the Gregg effect is associated mainly with an increase in perfusion pressure, while the increased flow causes only an increased oxygen consumption by the myocardium. 37, 38 In the present study, the perfusion pressure of 70 mmHg remained constant during the whole experiment. That phenomenon does not also explain the fact that in our study the positive inotropic effect was very shortlasting, and within several minutes the contractile activity of the heart treated with 10 µmol/L sertraline decreased almost to zero, and a direct toxic effect of the drug was confirmed by high values of CPK.
On the other hand, Tatsuya Muto et al demonstrated some beneficial effects of fluvoxamine (another SSRI) on the contractile force of perfused guinea-pig heart during ischemia/reperfusion in the Langendorff model. They studied the effect of fluvoxamine on the increase of mitochondrial Ca 2+ ([Ca 2+ ] m ) level. Beneficial effects of fluvoxamine on LVDP were shown in hearts pretreated with the drug at a dose of 0.5 μmol/L and it lasted for as long as over 40 mins after reperfusion, in comparison to the control group. Elevated [Ca 2+ ] m levels after the fluvoxamine treatment were significantly suppressed compared to the control group. The authors suggest that fluvoxamine may prevent the opening of mitochondrial permeability transition pore (MPTP), and thus preserve mitochondrial function and exert beneficial effects on LVDP of the heart after reperfusion. 39 The above-mentioned studies of effects of various SSRIs on perfused isolated animal heart report different results concerning heart contractile force. That difference may be explained in many ways. Experiments often used different protocolsthe time of ischemia/reperfusion, hemodynamic data measurement, biochemical analysis and others. Various Notes: NO x outflow measured before the treatment (t=10 mins), after the start of the treatment (t=20 mins) and after reperfusion (t=40 mins; details in the "Material and methods" section). There were no significant differences between treatment groups vs control group at any particular time point. Significant differences were observed in all groups subjected to ischemia after reperfusion in comparison to time points before treatment and after the start of treatment. Values are means ± SEM. a ≤0.05 vs time before treatment, b ≤0.05 vs time after the start of the treatment.
SSRIs have a similar property of inhibiting the reuptake of serotonin, but different chemical structure. Another explanation of that inconsistency could be different concentrations of drugs usedthat is particularly evident in our study, where the concentration of 10 micromoles per liter of sertraline results in dramatic changes in hemodynamic and toxic effects on the myocardiac cell. Differences apparent in other studies regarding the effects of SSRIs on the isolated animal heart may be also due to species differences. In some electrophysiological studies on the cells of isolated animal hearts resulting data were different depending on species used. In their study concerning the effect of fluoxetine on the action potential of cells derived from the papillary muscles of the heart, Pacher et al demonstrated that the myocardium of rat reacted differently in comparison to the heart muscle of guinea pig and rabbit. 30 Fluoxetine led to shortening of repolarization of cardiac muscle cells in these animals, but had no effect on the time of repolarization of myocytes in rats. Interestingly, only in rat muscle cells fluoxetine did cause a concentration-dependent decrease in contractile force before a total abolition at the concentration of 100 μmol/L. Electrophysiological dissimilarity of rat myocardial cells is also reflected in their ECGin rats, a significant shortening of the QT interval may be observed. 40, 41 The difference between rat hearts and hearts of other rodent species may be a reason for different effects of various substances on cardiac conductivity. In our study, no significant influence of sertraline on the synthesis of nitric oxide at various concentrations of sertraline was observed. It seems that observed effects of SSRIs on the isolated rat heart may be a result of other mechanisms, including the calcium pathway, as suggested by authors of other reports.
A detailed explanation of the exact toxic mechanism of high concentrations of sertraline on the heart muscle observed in our experiment undoubtedly requires further research, including other models and different animal species. The mechanism of action of SSRIs on ion channels of the myocardium cells and thus the strength and frequency of contraction may also be more complex. Numerous electrophysiological studies demonstrated that those drugs were able to block hERG potassium channels, 42, 43 as well as other types of potassium channels, 44 and sodium channels, 45 besides the block of calcium channels. Each of those mechanisms may lead to changes in cytoplasmic concentration of calcium or other ions, and consequently to changes in the cell action potential of myocardial contractions and strength. Further investigation of various cardiac effects of SSRIs may provide more information in that field.
Conclusion
Sertraline at dose 10 μmol/L exerts a strong vasodilatory effect on coronary flow, and after a short positive inotropic effect, it exerts a strong negative effect on isolated rat hearts, causing a direct damage to cardiomyocytes. Sertraline had no effect on the nitric oxide concentration in coronary effluent.
